We report that self-assembled gold (Au) nanopyramid arrays can greatly enhance the photocurrent of narrow bandgap organic solar cells using their plasmonic near-field effect. The plasmonic enhanced power conversion efficiency exhibited up to 200% increase under the AM 1.5 solar illumination.
Organic thin film photovoltaic devices have attracted enormous attention in recent years due to their low-cost, easy processing, lightweight and flexible properties. 1, 2 For an ideal solar cell to have high power conversion efficiency, adequate light absorption in the photoactive layer is required. To achieve this, increasing the thickness of the photoactive layer is an effective method. However, the increased photoactive layer thickness causes a decrease in the inner electric field, which slows down charge drift and increases the possibility of recombination, and hence reduces charge carrier collection.
3
Designing an efficient solar cell with high light absorption at a relatively small film thickness is a challenge to be resolved.
Previously, it was found that the absorption and emission properties of photoactive materials can be effectively influenced by the nearby resonant plasmon from metal nanostructures which enhance not only Raman scattering, 4 fluorescence, 5 and photochemistry, 6 but also photovoltaic response. 7 The plasmonic near-field enhancement or improved coupling to guided modes in metal nanostructures will induce resonant absorption in neighboring organic photoactive materials and thus increase the concentration of excitons. 8 It was shown by theoretical investigation that optical absorption in thin film organic solar cells was greatly enhanced by up to 50% under the plasmonic effect of metallic gratings. 4 Kulkarni et al. 4 showed that charge carrier generation could be enhanced more than 3 times if a thin film of silver nanoprisms was introduced under the organic photovoltaic materials, which could in principle be used to increase photocurrent in organic thin film solar cells. By blending Au nanoparticles with poly(3,4-ethylenedioxythiophene)-poly-(styrenesulfonate) (PEDOT:PSS), Yang et al. 10 showed that plasmonic optical absorption can be used to enhance the photovoltaic performance of tandem structured organic solar cells. However, early studies have not shown the improved energy conversion efficiency in organic solar cells when plasmonic metal nanostructures were embedded into the photoactive layer, although plasmon resonant enhanced optical absorption existed; this is due to the reduced hole mobility caused by disturbed ordering in the polymer phase, or the quenching of excited states in the photoactive polymers.
11
Compared with spherical nanoparticles, triangular shaped nanoparticles show a strong plasmonic resonance at the tips, from both theory 12 and experiments. 9 The plasmonic resonance peak of triangular shaped metal NPs can also be tuned across the entire visible region and even into the near-infrared (NIR), which cannot be easily done with spherical particles. 13 The well-defined and tunable plasmonic properties of triangular nanoparticles triggered extensive research on preparation and application in solar cells.
14-17 However, these plasmonic metal nanoparticles usually have a disordered distribution, if the metal NPs were blended with photoactive polymers. 18 In addition, these nanoparticles have a relatively broad size and shape distribution, and many have missing tips, decreasing their usefulness. In this work, Au plasmonic nanopyramid (NPY) structures, prepared via self-assembled nanosphere lithography, are introduced into a narrow bandgap organic solar cell to examine the effect of tunable plasmonic resonance and surface passivation on light absorption and exciton dissociation. With this setup, the plasmonic near-field created by the Au NPYs under illumination acts as the antenna to influence the resonant optical absorption of the nearby photoactive layer, consisting of a silole-thiophene conjugated polymer (P3) and [6, 6] -phenyl-C61-butyric acid methyl ester (PCBM). We specifically selected P3 as the photoactive polymer. This silole-thiophene conjugated polymer features increased absorption at larger wavelengths compared to P3HT due to its narrower bandgap. Whereas the overall performance of this polymer is not as good as P3HT yet, which can be ascribed to the lower charge mobility, it is a good demonstrator for the enhancement effect caused by plasmonic resonators, which are beyond 520 nm for gold structures. The good match of the plasmon resonance with the absorption spectrum of P3 showcases an upper enhancement limit. The synthesis of the P3 conjugated polymer will be published later. The low mobility of the narrow bandgap conjugated polymer P3 limits the thickness of the photoactive layer (the P3 structure is shown in Fig. S1 † of ESI), which will influence the absorption and photocurrent of the P3/ PCBM system. The plasmonic enhanced photovoltaic performance was then systematically studied by controlling the size and surface capping of the NPYs. The plasmonic organic solar cells with optimum surface capped Au NPYs demonstrate a significant photocurrent enhancement and power conversion efficiency improvement with up to 200% under the AM 1.5 solar illumination.
The fabrication of plasmonic organic solar cells is schematically described in Fig. 1 (see the detailed solar cell fabrication of ESI †). The polystyrene (PS) nanospheres with different diameters as templates are fabricated into a single monolayer on an ITO patterned glass substrate. 16 A PS nanosphere single layer assembly is shown in Fig. 1a and e. The PS spheres are tightly coordinated to one another and provide an excellent two-dimensional template for NPYs with sharp tips and edges, enabling enhanced plasmonic resonances.
19 After 30 nm Au film evaporation followed by a lift-off process (Fig. 1b) , the obtained Au NPY arrays show a uniform size and distribution, which ensure a uniform distribution of the plasmonic field enhancement. The dimensions of Au NPYs are controlled by the size of the templating PS nanospheres, which were characterized using scanning electron microscopy (SEM, Fig. 1f ) and atomic force microscopy (AFM, Fig. 1g ), respectively. Using different sized PS nanospheres of diameters of 1000 nm, 480 nm, 360 nm and 240 nm, respectively, side lengths of the NPYs corresponding to 225 nm, 110 nm, 80 nm and 55 nm could be realized. Furthermore, these NPYs can be readily passivated using surface capping ligands such as thiols of different lengths or compositions. This is of great importance to fully utilize the plasmonic resonance in organic thin film solar cells because charge recombination centers usually form if metal nanoparticles are directly introduced without suitable treatment. 20 In this work, the Au NPY arrays on the patterned ITO glass substrate were additionally covered with an electron blocking layer of PEDOT:PSS so that the tips of the NPYs were close to the photoactive layer of the organic solar cells, but not in direct contact, leading to concentrated optical electric fields near the junction (Fig. 1h , the protruded tips after the spun-cast PEDOT:PSS layer).
A PEDOT:PSS thin film was then spin-coated onto the Au NPY arrays. The height of $30 nm was selected for the NPYs by Au evaporation, which is compatible with the thickness of the PEDOT:PSS anode buffer layer. By controlling the spin-coating process, the Au NPYs are mostly covered by the PEDOT:PSS layer, which provides a smooth surface for optimal contact with the photoactive layer. The AFM surface topology images indicate a protrusion of 2-3 nm peaks on top of the Au NPYs into the photoactive layer. Fig. 1g and h show topographic images of the Au NPYs before and after spin-coating of the PEDOT:PSS layer. The photoactive layer consisted of the conjugated polymer P3 and PCBM ($70 nm thickness), which does not show the thickness variation in the presence and in the absence of the Au NPYs. In order to generate a suitable plasmonic effect that influences the above photoactive layer, different Au NPYs with varying side lengths were created and their optical absorption properties were analyzed. Fig. 1i shows that the side lengths indeed play an important role in the plasmonic resonant absorption. The larger side length of Au NPYs leads to a red-shifted plasmonic absorption peak as well as a stronger absorption. An optimum enhancement is expected, when the plasmon resonance of Au NPYs matches the absorption peak of the photoactive P3/PCBM layer. Fig. 2a shows the schematic diagram of plasmonic organic solar cells discussed in this work. Au NPYs sit on top of an ITO electrode and are coated with PEDOT:PSS, which acts as the anode buffer layer. P3, a p-type narrow bandgap organic conjugated polymer (a more detailed description of the polymers is presented in the ESI †), is used in conjunction with PCBM to create the type-II heterojunction. Flat-band alignment of the prepared organic solar cell is shown in Fig. 2b . The plasmonic resonance enhanced light absorption of the organic solar cell with the 110 nm side-length Au NPYs is shown in Fig. 2c . It was found that a side length of 110 nm of Au NPYs created with a 480 nm PS nanosphere generated the optimal plasmonic resonance to effectively couple with the P3/ PCBM photoabsorption from 600 nm to 900 nm. This cannot be attributed to the absorption of the Au NPYs themselves due to their weak light absorption intensity (Fig. 2c) . The plasmonic near-field effect is used to enhance light absorption of organic photoactive materials. 21, 22 In addition, the plasmonic electric field enhancement can be used to dissociate the excitons generated in the photoactive layer and thus improve the photocurrent.
As mentioned before, the plasmon resonance depends on the geometry of the Au NPYs. Therefore, the photovoltaic performance dependence on the side lengths of Au NPYs was studied. Fig. 3a shows the solar cell performance with different sized Au NPYs passivated with the same ligand, a mercapto polyethylene glycol. In comparison to the reference solar cells (without Au NPYs), the introduction of Au NPYs can improve the photovoltaic performance. Solar cells with Au NPY side-length larger than 55 nm exhibit a drastic photocurrent enhancement. At a 110 nm Au side size, the average photocurrent increases (average value AE standard deviation) from 2.7 AE 0.2 mA cm À2 to 4.1 AE 0.3 mA cm À2 compared to solar cells without plasmonic resonators, which is an increase of 50%. This demonstrates that the plasmonic near-field induced light absorption and electric field enhancement in organic solar cells can be used to effectively improve the photocurrent. The lower reflectivity of the devices with Au NPYs indicates stronger absorption of the incident light (Fig. S2 †, ESI) . Further increasing the side length of Au NPYs will decrease its photocurrent. Small sized NPYs cannot provide sufficient plasmonic effect, as is demonstrated in Fig. 3a , while Au NPYs with larger size (225 nm side length) feature stronger reflectance, inhibiting light transmission, thus reducing the light absorption of the photoactive layer. The Au NPY showing the best photovoltaic performance, with the side length of 110 nm, that is discussed here is matched with the simulation model of discrete dipole approximation (DDA). 19 The organic P3/PCBM solar cell with 110 nm side Au NPY arrays gives an average power conversion efficiency of 1.10 AE 0.05% under AM 1.5 (100 mW cm À2 ) solar illumination, which is about 200% more compared to that without Au NPY arrays of 0.36 AE 0.02% power conversion efficiency. The enhanced exciton dissociation and suppressed recombination due to the protruding plasmonic electric field from Au NPYs are responsible for a better fill factor (FF) of the plasmonic P3/PCBM systems (Fig. 3a) . However, the polymer ordering and the series resistance due to Au NPYs could also contribute to the FF difference. The power loss and series resistance are also important for the design of efficient plasmonic enhanced OPV systems. Calculating the various resistive layers has been used to analyze the electrical characteristics of the plasmonic P3/ PCBM system (Table S1 † of ESI). The resistive power loss depends mainly on the P3/PCBM organic photoactive layer, which can be inferred from the series resistance analysis (ESI †). The Au NPYmodified electrode does not contribute to the photocurrent enhancement. To fully utilize the plasmonic effect and to minimize trap spots from Au nanostructures in the photoactive organic layer, we have passivated the Au NPYs by ligands with different lengths and compositions before spin-casting the PEDOT:PSS layer.
It has been shown that the surface of a plasmonic metal should be capped with a thin dielectric layer to prevent exciton quenching through dipole-dipole interactions and charge trapping when metal particles are embedded into photoactive layers. 23 Dielectric coatings in this work, thiols with different chain lengths and compositions, play an important role in preventing adverse effects of hole traps while offering an extra degree of tunability in spectral response and degree of enhancement of optical absorption. The plasmonic evanescent field of Au nanoparticles decreases exponentially on moving away from the Au nanoparticle surface. Therefore, we passivated the Au NPYs with 110 nm side length with different ligands. It was found that the ligand length had an influence on the performance of solar cells. By treating NPYs with different thiol side chains, we measured the photoresponses and found that poly-(ethylene glycol) methyl ether thiol (SH-PEG) can have a most effective performance enhancement compared with other ligands such as 11-mercapto-1-undecanol (SH-C11-OH), (3-mercaptopropyl) trimethoxysilane (MPTMS) or no ligands. In comparison, SH-PEG has a longer chain length (about 1.8 nm) than SH-C11-OH (about 1.2 nm) and MPTMS (about 0.6 nm). One should note that due to the different chemical compositions of these capping agents, additional effects from the different dielectric environments could play an important role in the performance improvement. Considering that all these three molecules may act as insulating barriers, we attribute the different extents of performance improvement to the difference in the ability of inhibiting exciton quenching or charge recombination. Fig. 3b demonstrates that a solar cell using Au NPYs with the shortest capping shell, MPTMS, still has an improved performance compared to that without shell capping. Increasing the capping shell length leads to a more enhanced performance, demonstrating a more efficient exciton quench-inhibiting ability. This is to some extent similar to that researched by Topp et al. 11 where solar cells could gain a positive effect when dodecylamine, a long insulating molecule, capped Au was used in the hybrid system while a negative effect was obtained in the case of a short molecule, pyridine. In this work, the Au NPY array was located under the photoactive layer and its plasmonic resonance induced near-field can be more effectively utilized by decreasing the possible phase contact between the Au and the P3/PCBM phase which may cause charge recombination. Thus even a small molecule such as MPTMS can improve solar cell performance although the surface may not be completely capped due to its short and rigid chains. Solar cells with SH-PEG capped NPYs (1.1% efficiency) show a performance enhancement of about 31% compared to the one without ligand treatment (0.84%).
In order to further understand the plasmonic near-field effect on the photocurrent of solar cells, the external quantum efficiency (EQE) with and without Au NPYs (110 nm side length) was studied and the result is included in Fig. 4a . The EQE spectrum is largely improved using the plasmonic Au : SH-PEG NPYs, compared to the reference cells. The enhanced EQE at 600 nm wavelength is primarily introduced by the resonant field enhancement near the tips of the Au NPYs that intrude into the P3/PCBM photoactive layer. Based on the Mie scattering theory and assuming that the particle size is much smaller than the wavelength, 24 the scattering cross-section can be expressed as,
where l is the wavelength, A is a proportionality constant which depends on the particle geometric cross-section, and 3 Au and 3 P3 are dielectric constants of Au and P3/PCBM, respectively. Assuming 3 P3 ¼ 1.9 and using the Drude-Lorentz model for gold, a normalized scattering cross-section can be calculated as shown in Fig. 4b . 25 This further demonstrates that efficient light absorption and exciton dissociation of the P3/PCBM photoactive layer are strongly correlated with plasmonic resonance field enhancement. The increased free charge carriers contribute to the photocurrent, leading to enhanced power conversion efficiency of organic solar cells. In addition, the reduced charge carrier losses from the geminate recombination in the P3 phase lead to a large built-in electric field and a high V oc (Fig. 3a  and b) . The resulting geminate recombination by increased free charge carriers has been confirmed using the different light intensities (ESI, Fig. S3 †) .
26-29
Plasmonic-mediated absorption enhancement may be originated from scattering and near-field enhancement effect. An additional effect to enhance the solar cell efficiency can originate from increased light scattering due to the presence of scattering objects such as the NPYs. To gauge this contribution, we measured scattering spectra of glass and Au NPY modified glass using an integrating sphere spectrometer. From this, we find that enhanced scattering will play a minor role in our device (details are given in the ESI, Fig. S3 †) . It is reasonable to infer the absorption enhancement coming from the near-field enhancement which can be described entirely as a plasmonic effect from the Au NPYs. The simulated extinction crosssection spectra of Au NPYs in the PEDOT:PSS and P3/PCBM layer are shown in Fig. 5 using the finite-difference time-domain (FDTD) simulation based on FULLWAVE simulation package18 (ESI †). Fig. 5a shows the 3D structure of one Au NPY with 110 nm sidelength. In order to see the surface plasmonic effect, two monitors were placed in the positions shown in Fig. 5a . Since plasmon coupling takes place only in its near-field region, the electric fields aligned in the x-y and z direction are simulated, and the results are shown in Fig. 5b and c, respectively. An enhanced electric field was observed in both the x-y and z directions in these conditions, in particular, with the sharp edges and the thickness of PEDOT:PSS of about 30 nm, which is complementary to the Au NPY thickness (30 nm). The first monitor measures the simulated |E| 2 image cutting through the center of NPYs vertically, and the power distribution in the same plane is shown in Fig. 5b , which shows a decay length of 15 nm. The other monitor cuts horizontally through the NPYs and provides the x-y field enhancement map in Fig. 5c . According to Fig. 5b and c, high field intensity occurs at the sharp corners of the Au NPYs and up into the organic photoactive layer.
In this work, we have successfully demonstrated that plasmonic near-field enhancement from Au NPY array structures can be used to engineer optical absorption so as to enhance the photocurrent of organic solar cells. It is shown that the performance of the solar cell can be improved by optimizing the light absorption in the photoactive layer by plasmonic field enhancement, which is controlled by the dimension of Au NPYs and their surface capping ligands. Among four different side lengths, Au NPYs with 110 nm optimal side length show 200% increase of power conversion efficiency under AM 1.5 100 mW cm À2 solar illumination compared to solar cells without plasmonic resonators. A power conversion efficiency up to 1.1% was achieved. The SH-PEG capping ligand of Au NPYs showed further enhancement by about 31% in comparison with no ligand treatment. Our approach can be applied to a wide range of nanostructured solar cells and is also compatible with conventional solution processing, thereby offering a generic method for the fabrication of highly efficient plasmon enhanced organic solar cells.
